Chitin is one of the major cell wall components of ascomycete filamentous fungi, and chitin synthesis plays important roles in the morphogenesis of hyphae. In the Aspergillus nidulans genome, there are two genes, csmA and csmB, that encode a myosin motor-like domain (MMD) at their N-termini and a chitin synthase domain (CSD) at their C-termini. In our previous studies, we found that the MMD of CsmA was required for its functionality, and that CsmA and CsmB had certain overlapping functions essential for polarized filamentous growth. In this study, we constructed a strain that produced CsmB lacking the MMD (CSÁMB). This strain exhibited defects similar to those of the csmB deletion mutant. FLAG-tagged CSÁMB (CSÁMB-FLAG) did not properly localize to the hyphae. CsmB was co-immunoprecipitated with actin in vivo, whereas CSÁMB was not. These results suggest that the MMD of CsmB is crucial for its proper localization via interaction with actin.
The cell cortex of filamentous fungi is covered with a sticky cell wall. Chitin, the -1,4-linked homopolymer of N-acetylglucosamine (GlcNAc), is among the major components of the fungal cell wall, and chitin synthesis is known to play important roles in hyphal morphogenesis. 1, 2) Fungal chitin synthases have been categorized into at least seven classes according to their structural characteristics. 3, 4) We have isolated six chitin synthase genes from Aspergillus nidulans: chsA, chsB, chsC, chsD, csmA, and csmB. The products of these genes belong to classes II, III, I, IV, V, and VI respectively. [5] [6] [7] [8] [9] [10] To date, we have constructed singledeletion mutants of these genes, as well as various combinations of double and triple mutants, in order to investigate their respective functions and functional relevance. 11) Both CsmA and CsmB consist of a C-terminal chitin synthase domain (CSD) and an N-terminal myosin motor-like domain (MMD). Myosins are known to be motor proteins that move along actin filaments. In our previous studies, we found that csmA or csmB deletion mutants exhibited abnormal phenotypes (balloon formation, intrahyphal hyphae, and hyphal lysis under low osmotic conditions). 10, 12) In addition, brownish clumps were frequently observed in the csmB deletion mutant. 10) The csmA and csmB double-deletion mutant was not viable, indicating that these mutations are synthetically lethal. 10) The actin cytoskeleton is important for the determination of hyphal polarity. 13) Since both CsmA and CsmB were found to localize to the hyphal tips and forming septa, near actin structures, they were thought to be involved in polarized chitin synthesis at these sites. 9, 10) In addition, it was found that interaction between the MMD of CsmA and actin was important for the proper localization and normal functioning of CsmA, 9) and that the MMD of both CsmA and CsmB bound to actin filaments in vitro. 9, 10) For the past few years, orthologous genes encoding chitin synthases with MMD have been isolated and characterized from filamentous and dimorphic fungi. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] With the exception of Ashbya gossypii, all ascomycete filamentous fungi the genome sequences of which have been made public possess genes encoding class V and VI chitin synthases with the MMD. However, yeasts Saccharomyces cerevisiae and Schizosaccharomyces pombe, and the dimorphic yeast Candida albicans do not possess orthologous genes in their genomes. Hence, chitin synthases with MMD are likely to play critical roles in polarized growth, especially in filamentous fungi. The MMD of CsmA contains some of the consensus motifs of myosins (P-loop, Switch I, and Switch II), and this MMD belongs to class XVII of the myosin family. 27) On the other hand, these consensus motifs are not conserved in the MMD of CsmB, which is shorter than that of CsmA, and the amino acid sequence identity of these domains is only 21%. 10) Hence, the function of the MMD of CsmB might differ from that of CsmA. In this study, we investigated the roles played by the MMD of a class VI chitin synthase, CsmB, and we demonstrated for the first time that this MMD is critical to CsmB function via an interaction with actin.
Materials and Methods
Strains, media, and bacterial and fungal transformations. The A. nidulans strains used in this study are listed in Table 1 . Complete medium, YG medium (0.5% yeast extract, 1% glucose, 0.1% trace elements), minimal medium (MMG), and complete medium or minimal medium containing 100 mM threonine and 0.1% fructose instead of glucose (YTF or MMTF) for A. nidulans were used. 28, 29) YG and MMG plates were YG and MMG containing 1.5% agar respectively. MMG was supplemented with arginine at 0.2 mg/ml, biotin at 0.02 mg/ml, and pyridoxine at 0.5 mg/ml, when necessary. Bacterial and fungal transformation was performed as described previously.
9)
Construction of plasmids and A. nidulans strains. To create the CsmB mutant without its MMD (CSÁMB) and a strain that expressed CSÁMB under the control of the alcA promoter, we constructed plasmids pACB and pÁMB as follows: The promoter region of csmB was amplified from the total DNA of the FGSC A89 strain using BP5 (5 0 -GCGGAGCTCCTCTGGGATCAGCTGTGAT-3 0 ) and BP3 (5 0 -GCGGAGCTCCAACCGCCGCTTTACTGGAT-3 0 ) as primers, in which the underlined letters represent SacI recognition sites. The amplified fragment was cloned in pUC18 at the SacI site to yield pUC-BP. The promoter region of alcA of A. nidulans was amplified using alc1 (5 0 -CGCGGATCCCTGAAAAGCTGATTGTGATA-3 0 ) and alc2 (5 0 -CGCGGATCCGGTACCGCTAATTAACTGAG-3 0 ) as primers, in which the underlined letters represent BamHI recognition sites. The amplified fragment was cloned in pUC-BP at the BamHI site to yield pBPA. PyrG DNA was amplified from ppyrG + 1000 (Yamazaki H, Ohta A, and Horiuchi H, unpublished) using EnpyrG28 (5 0 -AGCTT-CGTTAAGGATAATTGCC-3 0 ) and EnpyrG2051-re (5 0 -TTCCAGCC-TTCCTCCCGGTACC-3 0 ) as primers. The amplified fragment was ligated with SmaI digested pBPA to yield pBPGA. The 0.8-kb DNA fragment encoding CSD of CsmB (561 a.a.$) was amplified from the total DNA of FGSC A26 using ÁMMD1 (5 0 -GCTCTAGAATGATCG-ATCTTAAAGCGGATG-3 0 ) and ÁMMD2 (5 0 -GCTCTAGAATTCG-ACCAGACAAGCTTGCTC-3 0 ) as primers, in which the underlined letters represent the XbaI recognition sites. The amplified fragment was ligated in pBPGA at the XbaI site to yield pACB. The promoter region of csmB was amplified from the total DNA of FGSC A26 using BP5-BamHI (5 0 -CGCGGATCCCTCTGGGATCAGCTGTGAT-3 0 ) and BP3-BamHI (5 0 -CGCGGATCCCAACCGCCGCTTTACTGGA-3 0 ) as primers, in which the underlined letters represent the BamHI recognition sites. The amplified fragment was digested with BamHI and ligated with BamHI-digested pACB to yield pÁMB. The 4.2-kb NaeI-SpeI fragment of pÁMB was used in the transformation of the FGSC A1149 strain to replace csmB with CSÁMB. Two transformants encoding CSÁMB at the csmB locus were selected, and were designated CSÁMB1 and CSÁMB2. The CSÁMBF1 and CSÁMBF2 strains were constructed from the MBF strain 10) using the same strategy as that for the construction of the CSÁMB strains. The 4.0-kb NaeI-SpeI fragment of pACB was used for transformation of the A1149 strain to replace csmB with CSÁMB expressed under the alcA promoter. Two transformants were selected and designated alc-CSÁMB1 and alc-CSÁMB2. The alc-CSÁMBF1 and alc-CSÁMBF2 strains, which express CSÁMBF under the alcA promoter, were constructed from the MBF strain using the same strategy as that for the construction of the alc-CSÁMB strains.
To create a csmB null mutant, under the ÁnkuA 30) background, the 4.5 kb HindIII-KpnI fragment of pBD 10) was used in the transformation of the A1149 strain to replace csmB with pyrG. Two of these transformants were selected, and were designated A1149/ÁB1 and A1149/ÁB2.
To create the strain that expressed csmB under the control of the alcA promoter, we constructed pAMB as follows: The 1.0-kb DNA fragment of the MMD of CsmB was amplified from the total DNA of FGSC A26 by PCR using MMD1 (5 0 -GCTCTAGAATGTCGAATCG-ATTCTCTGTGT-3 0 ) and MMD2 (5 0 -GCTCTAGAATTCGAAGCT-CGCGCTCGTCGG-3 0 ) as primers, in which the underlined letters represent the XbaI recognition sites. The amplified fragment was digested with XbaI and ligated with XbaI-digested pBPGA to yield pAMB. The 4.0-kb NaeI-SpeI fragment of pAMB was used in the transformation of the A1149 strain to replace the promoter of csmB with the alcA promoter. Two transformants were selected, and were designated alc-CSMB1 and alc-CSMB2. The alc-CSMBF1 and alc-CSMBF2 strains, which express csmB under the alcA promoter, were constructed from the MBF strain using the same strategy as that for the construction of the alc-CSMB strains. The modified loci of the constructed strains were confirmed by Southern blot analysis, as described previously. 10) Frequency of balloon formation. The number of balloons was determined as follows: Strains were inoculated on MMG or MMTF plates and incubated for 2 or 3 d. The total number of balloons in five randomly selected 1 mm 2 areas was counted, as described previously. 10) Other methods. Co-immunoprecipitation of CsmB-FLAG or CSÁMB-FLAG and actin, Western blot analysis, and indirect immunofluorescence microscopy were performed as described previously. 9, 10) 
Results
Phenotype of the mutant lacking the MMD of CsmB To determine the roles played by the MMD of CsmB, we constructed the CSÁMB1 strain, which produced CsmB lacking the MMD (CSÁMB), and the CSÁMBF1 strain, which produced CSÁMB with a 3xFLAG at its C-terminus (CSÁMB-FLAG) ( Table 1 ). These proteins were produced under the csmB promoter instead of wildtype CsmB. The colony diameter of CSÁMB1 grown on YG plates for 3 d was approximately 70% of that of the wild-type strain (A1149/pyrG). In addition, the colony diameter of CSÁMB1 was slightly larger than that of the csmB deletion mutant (A1149/ÁB1, 64% of that of the wild-type strain) (Fig. 1A) . Since the A1149/ÁB1 strain exhibited almost the same phenotypes as those of a ÁMB strain (an ÁcsmB nkuA þ strain obtained in our previous study), 10) it was concluded that the nkuA deletion did not affect the phenotype of the CSÁMB1 strain.
30) The colony size of CSÁMBF1 was nearly the same as that of CSÁMB1 (data not shown). CSÁMB1 and CSÁMBF1 formed balloons, brownish clumps, and their hyphae were lysed in subapical regions, particularly under low osmotic conditions. These phenotypes were similar to those of the csmB deletion mutant (Takeshita et al., 2006; Fig. 1A and data not shown) . The number of balloons formed by the CSÁMB1 strain was nearly the same as that formed by the A1149/ÁB strain (Fig. 1B) . The CsmB-FLAG band was detected in the cell extract of the MBF strain as analyzed by Western blotting using anti-FLAG antibody, and CsmB-FLAG signals were observed at the hyphal tips, forming septa, as determined by indirect immunofluoresence microscopy with anti-FLAG antibody. 10) In contrast, no CSÁMB-FLAG band (calculated molecular mass, approximately 130 kDa) was detected in the cell extract of the CSÁMBF1 strain, as analyzed by Western blotting. Moreover, no CSÁMB-FLAG signals were observed in the hyphae of this strain, as determined by indirect immunofluoresence microscopy (data not shown). These results, taken together, suggest that the MMD of CsmB is indeed important for protein stability.
Characterization of a CSÁMB-FLAG-overproducing strain
To clarify the roles played by the MMD in localization and to elucidate CsmB function, we constructed strains that expressed CSÁMB and that expressed fulllength CsmB under the control of the alcA promoter (the alc-CSÁMB1 and the alc-CSMB1 strain respectively). We also constructed strains that produced CSÁMB or CsmB tagged with a 3xFLAG at the C-terminus (the alc-CSÁMBF1 and the alc-CSMBF1 strains respec- tively) ( Table 1) . These four newly constructed strains grew slowly, at rates that were almost the same as those of the csmB deletion mutant grown on YG and MMG plates (alcA promoter-repressing conditions) (data not shown). The alc-CSMB1 strain exhibited nearly the same phenotype as the wild-type strain on YTF and on MMTF plates (alcA promoter-inducing conditions). The alc-CSÁMB1 strain exhibited occasional balloon formation under the same conditions (Fig. 2) . These results indicate that CSÁMB is partially functional.
The growth rate and the frequency of balloon formation in the alc-CSÁMBF1 and alc-CSMBF1 strains were similar to those of the alc-CSÁMB1 and alc-CSMB1 strains (data not shown), indicating that the FLAG tag does not perturb the function of these proteins. Signals of approximately 200 kDa and 190 kDa were detected in the cell extract of alc-CSMBF1, and signals of approximately 140 kDa and 130 kDa were detected in the cell extract of alc-CSÁMBF1, as determined by Western blot analysis using anti-FLAG antibody (Fig. 3B) . The calculated molecular masses of CsmB-FLAG and CSÁMB-FLAG were approximately 190 kDa and 130 kDa respectively (Fig. 3A) , suggesting that CsmB and CSÁMB are posttranslationally modified.
Localization of CSÁMBF to the hyphae
To analyze the localization of CSÁMBF to the hyphae, we stained the hyphae of the alc-CSÁMBF1 and alc-CSMBF1 strains grown on YTF liquid medium with both the anti-FLAG and the anti-actin antibody as well as calcofluor white (Fig. 3C, D , and data not shown). CsmB-FLAG fluorescence was observed at the hyphal tips and in forming septa proximal to actin patches (Fig. 3C) . These sites were also stained with calcofluor white. This CsmB-FLAG localization pattern was almost the same as that observed when CsmB-FLAG was produced under the control of the native promoter. 10) In contrast, in the hyphae of the alc-CSÁMBF1 strain, CSÁMB-FLAG fluorescence was not concentrated at either the hyphal tips or in forming septa, whereas actin concentration was observed at these sites (Fig. 3D ). These results demonstrate that the MMD of CsmB is crucial to the proper localization of CsmB.
Interaction between the MMD of CsmB and actin in vivo
In a previous study, it was found that the MMD of CsmB binds to actin filaments in vitro. 10) To determine whether the MMD of CsmB interacts with actin in vivo, CsmB-FLAG and CSÁMB-FLAG were immunopreci- Cell extracts of the alc-CSMBF1 and alc-CSÁMBF1 strains were immunoprecipitated with anti-FLAG antibody. Cell extracts and immunoprecipitates (IP, anti-FLAG) were subjected to Western blot analysis using the anti-FLAG and the anti-actin antibody.
pitated with anti-FLAG antibody from the respective cell extracts of strains alc-CSMBF and alc-CSÁMBF, and the immunoprecipitates were subsequently analyzed by Western blotting using anti-FLAG and anti-actin antibodies (Fig. 4) . Actin was co-precipitated with CsmB-FLAG, but not with CSÁMB-FLAG, suggesting that CsmB interacts with actin via its MMD in vivo (Fig. 4) . Taken together with the localization of CSÁMB-FLAG, these results suggest that the interaction between the MMD of CsmB and actin is critical to the proper localization and function of CsmB.
Discussion
In this study, we analyzed the functional roles of the MMD of the class VI chitin synthase CsmB in A. nidulans. Mutants that produced CSÁMB instead of CsmB grew slowly and formed balloon formations, both of these characteristics are similar to those observed with the csmB deletion mutant (Fig. 1) . Moreover, in the CSÁMB1 strain, the defects of the csmB deletion mutant were not completely suppressed even when CSÁMB was overproduced (Fig. 2) . These results suggest that the MMD of CsmB is important to stability and normal protein function. Additionally, CSÁMB-FLAG was not found to localize at the hyphal tips and forming septa (Fig. 3D) , and it did not interact with actin in vivo (Fig. 4) . Therefore, the present findings suggest that the interaction between the MMD of CsmB and actin is crucial to proper localization and normal CsmB function.
Based on the results obtained in this study, the MMD of CsmB plays at least two important functional roles, increasing stability and ensuring proper localization. The MMD of CsmB might function in CsmB folding and/or maintaining structural stability. Since the conserved motifs required for successful motor activity in myosins are not present in the MMD of class VI chitin synthases, including CsmB, it is unlikely that this MMD possesses motor activity. It is possible that the MMD of CsmB functions as an anchor for the CSD at hyphal tips and forming septa, as perhaps in the case of the MMD of CsmA. 9) Thus mutated CsmB (CSÁMB), which does not interact with actin, was transported to the hyphal tips and forming septa, but it would be unable to remain at these sites. Since overproduced CSÁMB-FLAG was primarily detected in 10;000 Â g pellets, as was CsmB-FLAG (our unpublished results), it is possible that when its levels are increased at the proper sites, CSÁMB can be partially functional and overproduction can compensate for the lack of wild-type CsmB.
Takeshita et al. suggested that both CsmA and CsmB carry out certain compensatory functions that are essential to hyphal tip growth.
10) The phenotypes of csmA or csmB deletion mutants differed in some respects, and overexpression of csmA or csmB did not suppress the respective defects of the csmB and csmA deletion mutants (ref. 10 and our unpublished results). These findings thus indicate that to some extent CsmA and CsmB function differently, at least in part. It is important to clarify the functional differences between CsmA and CsmB in order to gain a better understanding of the mechanisms of hyphal growth.
